Ino80 is well known as a chromatin remodeling protein with the catalytic function of DNA dependent ATPase and is highly conserved across phyla. Ino80 in human and Drosophila is known to form the Ino80 complex in association with the DNA binding protein Ying-Yang 1 (YY1)/Pleiohomeotic (Pho) the Drosophila homologue. We have earlier reported that Ino80 sub-family of proteins has two functional domains, namely, the DNA dependent ATPase and the DNA binding domain. In the background of the essential role of dIno80 in development, we provide evidence of Pho independent function of dIno80 in development and analyze the dual role of dIno80 in activation as well as repression in the context of the homeotic gene Scr (sex combs reduced) in imaginal discs. This differential effect of dIno80 in different imaginal discs suggests the contextual function of dIno80 as an Enhancer of Trithorax and Polycomb (ETP). We speculate on the role of dIno80 as a chromatin remodeler on one hand and a potential recruiter of epigenetic regulatory complexes on the other.
Introduction
The paradigm for generating unique regulatory complexes to maintain gene expression states through development with limited number of proteins is provided by the Polycomb and Trithorax complexes that function as global regulators of transcription through epigenetic mechanisms (Muller and Kassis, 2006) . This system which is extensively worked out in Drosophila melanogaster finds several homologues in mammals including the human genome. Apart from the basic components of the PcG/ TrxG complexes, several Enhancers of Trithorax and Polycomb (ETP) proteins were discovered as factors that interact with both the PcG as well as the Trx complex (Grimaud et al., 2006a (Grimaud et al., , 2006b . Some of the well-known ETP proteins include Asx (Sinclair et al., 1992; Milne et al., 1999) , the product of lola like/batman (Mishra et al., 2003) and Corto (Salvaing et al., 2006 (Salvaing et al., , 2008 . The biochemical function of these proteins are varied as in the case of the PcG and TrxG proteins; Asx is known to have histone deubiquitinase activator activity (Scheuermann et al., 2010) , while lola like (lolal) has DNA binding activity (Bonchuk et al., 2011) . The function of these proteins as members of either PcG or Trx complex is contextual (Grimaud et al., 2006a (Grimaud et al., , 2006b ). These regulators significantly extend the information content of the genome beyond the genetic code.
The early patterning of the Drosophila embryo is governed by two classes of genes, maternal-effect and zygotic genes (Nüsslein-Volhard et al., 1987; Manseau, and Schüpbach, 1989) . During oogenesis maternaleffect gene products are synthesized in the nurse cells and deposited into the developing egg where the product is distributed as a gradient such that they provide positional information for the body axes development and further, regulate the activity of zygotic genes which in turn will refine the patterns along these axes (St. Johnston and Nüesslein-Volhard, 1992) . Among the class of maternal-effect genes two sub-classes are recognized, namely those with an exclusive maternal participation in patterning of the embryo and those which perform additional essential functions during zygotic development (Schupbach and Wieschaus, 1989) . Many of the genes belonging to the latter class are thought to have escaped detection in previous large-scale saturation screens. These screens were primarily based on testing mutant flies either for female sterility to identify maternal effect genes (Schupbach and Wieschaus, 1989) or embryonic lethality to identify zygotically required genes (Jürgen et al., 1984; Wieschaus et al., 1984; Nuesslein-Vollhard et al., 1984) . In addition, the transcription factor coding genes like the bicoid, nanos and the gap genes, global regulators of transcription like the members of Polycomb and Trithorax complexes are also known to have maternal effect (Knipple et al., 1985; Bender et al., 1988) . Therefore it is important to analyze novel genes implicated in development for maternal-effect.
Ino80 is well-known as a chromatin remodeling protein, highly conserved across phyla that has the catalytic function of DNA dependent ATPase (Shen et al., 2000; Morrison and Shen, 2009 ). The chromatinremodeling complexes are compositionally and functionally diverse, yet they share a motor subunit that belongs to the Snf2-like family of ATPases (Gorbalenya, 1993) . The ATPase subunits of chromatinremodeling complexes belong to the SWI/SNF family, which is a part of a large superfamily of helicases and translocases called superfamily 2 (SF2) (Gorbalenya, 1993) . The members of the SWI/SNF chromatinremodeling family include the SWI/SNF, ISWI, CHD and INO80 subfamilies in Saccharomyces cerevisiae and have similarities in their DEAD/H box-containing ATPase subunits. The INO80 subfamily is the SWI/SNF family of chromatin-remodelers and ATPase, orthologues and homologues of Ino80 gene have been identified in yeast (Shen et al., 2000; Mizuguchi et al., 2004) , flies, mammals (Bakshi et al., 2004 (Bakshi et al., , 2006 Kusch, 2004; Klymenko et al., 2006; Ruhl et al., 2006; Jin et al., 2005) and in plants (Deal et al., 2007; Fritsch et al., 2004) . Ino80 is conserved from yeast to humans and is described to be a component of a large protein complex named INO80.com. Ino80 was the first remodeling complex detected to possess true helicase activity and hypersensitivity of Ino80 mutants to DNA damage agents was the first indication of its role in DNA damage repair (Shen et al., 2000) . Like most chromatinremodeling complexes, INO80 subfamily complexes have been identified as transcriptional regulators. Transcription factors, which are involved in cell proliferation, differentiation and embryonic development, can serve to specify the genes that are targeted for Ino80-mediated chromatin-remodeling (Shen et al., 2000) . INO80 complex members include Reptin and Pho (which are the members of PcG complex) and Pontin (which is a component of Brahma complex; Diop et al., 2008) .
So far Ino80 in yeast, Drosophila and human is known to form INO80 complex, where the DNA binding factor Ying-Yang 1 (YY1) and its Drosophila homologue Pleiohomeotic (Pho) is associated with this complex (Cai et al., , 2007 . We have reported that INO80 sub-family of proteins have two functional domains, including DNA dependent ATPase function and DNA binding domain (Bakshi et al., 2004 (Bakshi et al., , 2006 . Further we have shown that dIno80 has an essential role in developmental gene regulation in D. melanogaster (Bhatia et al., 2010) .
In the context of this observation, we have examined whether dIno80 has Pho independent function in development and also if the ETP function of dIno80 can be detected in terms of activating and repressive effect in a developmental and a tissue specific manner. Further we have analyzed the dual role of dIno80 in activation and repression by genetic interaction studies.
Materials and methods

Drosophila stocks and mutants
Wild-type (Canton-S) D. melanogaster was used in all experiments, UAS-Ino80-RNAi, UAS-Pho-RNAi (VDRC line: UAS-Ino80-RNAi 106684, 40213 and 40214 and UAS-Pho-RNAi 39529) were obtained from VDRC, Vienna Stock Centre and daGAL4, ActGAL4 flies from Bloomington Stock Center, Indiana University and were maintained at 25°C. dIno80
Δ4 was generated through P-element excision in our lab and maintained against balancer TM6Tb 1 or Sb 1 (Bhatia et al., 2010 
Isolation and immunostaining
Immunostaining of embryo and ovaries was performed using standard protocol of Sinclair et al. (1998) . Primary antibodies, rabbit antidIno80 antibody, anti-Pho antibody and anti-Scr antibody were used at 1:200 dilution. FITC tagged goat anti-mouse, was used as the secondary antibody at 1:1000 dilution. Following immunostaining, ovaries and embryos were mounted in Vectashield and imaged with confocal microscope (Leica TCS SP5 Microsystems).
Third instar wandering larvae were dissected and the imaginal discs were isolated and washed several times in Ringer solution and separated from the fat-body tissue (Fristrom and Mitchell., 1965) . For ovary isolation the method described by Maimon and Gilboa (2011) was followed. For cuticle preparation, embryos were collected from sucrose-agar plates after 16 h at 25°C from mating of flies of the selected genetic background using standard procedures (Van der meer, 1977).
Analysis of germline clones
To study the maternal effect of dIno80, germline clones were generated by the standard FRT ovoD germline clone (GLC) technique (Chou and Perrimon, 1996) and FRT3R Ino80 Δ4 and hsFLP; FRT3R stocks were constructed. The complete scheme of the crosses carried out is given in Supplementary methods.
Genetic interaction
Fly stocks were maintained in standard corn-yeast media at 25°C and the crosses were set up between dIno80 (w; dIno80 Δ4 /Sb 1 ) and selected PcG, TrxG and ETPG mutant flies to study the interaction of dIno80. The mutant fly stock for the various alleles were procured from the Bloomington Stock Center and the different alleles used in the present study are:
Su(z)2 1.a1 and lolal. Stocks carrying the UAS-Ino80-RNAi transgene on chromosome 2 and 3 were used in RNAi experiments. For RNAi experiments, UAS-Ino80-RNAi and UAS-Pho-RNAi flies were crossed with the GAL4 driver stocks to generate GAL4 N UAS-Ino80-RNAi and GAL4 N UAS-Pho-RNAi flies.
Scr expression profiling in imaginal-discs and salivary glands
The imaginal discs and salivary glands were dissected from third instar larvae of wild-type (Canton-S) and dIno80 knock-out (dIno80 Δ4 /+) stocks and washed several times in Ringer solution. The total RNA was isolated by using TRIzol (Invitrogen). cDNA was synthesized using the First Strand cDNA Synthesis Kit from Thermo Scientific.
qPCR experiments were carried out on ABI 7300 (Applied Biosystems, Life Technologies, India), using FastStart Universal SYBR Green Master (Rox) Roche Diagnostics GmbH, with cDNA as the template. The oligonucleotides used in the qPCR are listed in the Appendix: Supplementary Table S1 . The cycle threshold (Ct) values obtained for Scr from dIno80 knock-out flies (Ct dIno80 Δ4 /+, test) and wild type Canton S (Ct wild type, control) were normalized to the endogenous control Rpl13A, from the respective genotype and then compared. We have analyzed relative gene expression, using the 2 − ΔΔCT method (Livak and Schmittgen, 2001 ).
Results and discussion
Maternal expression of dIno80
Several early developmental regulators including Pho are known to have maternal effect (Kwon et al., 2003) . It is also shown that Pho is a member of the INO80.com in Drosophila (Klymenko et al., 2006) and that Ino80 has an effect on homeotic gene expression (Bhatia et al., 2010) . Therefore it was of interest to examine if dIno80 has maternal expression and maternal effect. We isolated the germ cells from female D. melanogaster Canton S and immunostained them with antibody against dIno80. As seen in the Fig. 1 , there is a significant expression of dIno80 in the developing ovary and the protein is localized to the extranuclear region up to stage 8, but at stage 10 it shows nuclear localization as well (enlarged in Fig. 1 ). This is in contrast to what we observe in the early embryos where is it is localized to the nuclei and at larval stage where dIno80 protein binds to multiple sites on the polytene chromosomes (Bhatia et al., 2010) . It is possible that post-translational modification of the dIno80 protein is required for its nuclear localization and function. The high expression and localization of dIno80 in the cytoplasm raises the question of functional significance of maternal expression of dIno80 and therefore we analyzed if dIno80 has maternal effect.
The germline mosaics were generated using the FRT ovoD germline clone (GLC, Chou and Perrimon, 1996) by the appropriate mating scheme (Supplementary method). We recovered viable and fertile flies by mating these FRT lines, thus suggesting that dIno80 does not show any overt maternal effect. However dIno80 null mutants showed lethality at late embryonic stages (Bhatia et al., 2010) . We examined the effect of bringing in maternal null condition along with zygotic null by the appropriate mating scheme. As expected, we observe lethality, and the cuticle pattern of the embryos was found to be more severely deformed compared to the zygotic null mutants (Fig. 2) . When both the maternal and zygotic expression of dIno80 is disrupted, the denticle pattern is highly extended, the individual VSBs are extended in the dorso-ventral axis as compared to zygotic null alone though the denticle pattern itself is compressed in the anterior-posterior axis ( Fig. 2C and B) . In addition, we compared the expression of homeotic genes in dIno80 zygotic null mutants (dIno80 Δ4 ) and maternal null mutants (Fig. 3) . In both the cases we observe similar effect while there appears to be a quantitative difference in the level of expression; the ectopic expression of Antp in the posterior segments is higher and the expression of Scr, Ubx and Abd-B is further reduced in the maternal dIno80 null mutants (Fig. 3 II) . The Ubx expression is down-regulated in zygotic mutants (dIno80 Δ4 ) which becomes almost negligible in germline null mutants, which suggests the maternal effect of dIno80 on Ubx expression. The expression of engrailed protein is unaltered in both the cases. The effect of chromatin remodeling protein Nurf on homeotic gene expression has also been demonstrated (Badenhorst et al., 2002) . In null mutants of Nurf, the expression of Ubx becomes undetectable, suggesting a positive regulatory role of Nurf301 (Badenhorst et al., 2002) . We have detected the interaction of Ino80 with Nurf38 in double heterozygotes (unpublished). The activating as well as repressive effect that we observe in Ino80 mutants is similar to those exhibited by another ETP protein Asx (Sinclair et al., 1992) . In the case of Ino80, the dual effect of dIno80 both as a positive and negative modulator on homeotic genes further substantiates the interaction of dIno80 with both PcG and TrxG proteins (Bhatia et al., 2010) . The trend of mis-expression seen for all the four genes; Scr, Antp Abd-B and Ubx between zygotic null and the germline null embryos is similar but the effect is augmented in maternal null mutants. This strongly indicates the maternal effect of dIno80 though we did not observe lethality on maternal knock-out. However the nature of this effect is not clear at this stage.
Essential role of Pho and dIno80 in development
It is known that Pho 1 homozygotes die as pharate adults and Pho protein is a part of the dINO80 complex, though this complex does not localize to the PRE (Polycomb Responsive Elements; Klymenko et al., 2006) . We have shown that dIno80 null mutants die at late embryonic stages (Bhatia et al., 2010) . In order to delineate the functional interdependence, if any, between Pho and dIno80, we compared and found that the stage of lethality of the null mutants of the two genes is distinctly different. The null mutants of Pho die as pharate adults while dIno80 nulls die at late embryonic stages, suggesting that they function independent of each other in addition to being partners in the dINO80 complex. The lateembryonic lethality of dIno80 null mutations was 100% penetrant, as also the pupal lethality of Pho null mutants. dIno80 knock-outs used in these assays are the stock described earlier (Bhatia et al., 2010) . The knock-out results were confirmed by using RNAi stocks. We examined different RNAi lines of dIno80 (UAS-Ino80-RNAi106684, 40213, 40214) and Pho (UAS-Pho-RNAi 39529) to compare the stage of lethality and the level of lethality with different drivers; Act-GAL4 and da-GAL4. All the three Ino80-RNAi lines show lethality at the late stage of embryogenesis (stages 14-17). When we drive the RNAi lines using Act-GAL4 the percentage of lethality especially the UAS-Ino80-RNAi 40214 line is higher (72%) than that observed with da-GAL4 driver (60%). We find that the lethality differs between the UAS-Ino80-RNAi lines as the knock-down level could be different between them. The lethality of dIno80 knock-out occurs in late stage of development (stage 14-17) as shown earlier also (Bhatia et al., 2010) . We also observe Pho lethality at the later stage of pupation as reported (Breen and Duncan, 1986) . The UAS-Pho-RNAi lines show a low level of lethality at second and third instar as well when driven by Act-GAL4, though the highest lethality is at the pupal stage.
We analyzed the cuticle pattern of the embryos and observed that the ventral setal belts (VSB) are distinctly different in appearance between the wild type (CS) and the knock-down embryos in both Ino80-RNAi lines, VDRC 40213 and 40214 (Fig. 4) . The posterior abdominal VSBs (A3-8) acquire the identity of second abdominal (A2) VSB, the anal pads, characteristic of the eighth abdominal segment (A8), are poorly developed in knock-down dIno80 (UAS-Ino80-RNAi N ActGAL4) embryos, supporting the observation that A8 is transformed to a more anterior fate. The phenotype of especially the UAS-Ino80-RNAi 40214 line is similar to what we observed with embryos lacking both maternal and zygotic dIno80. In both we have observed that the denticle pattern is dorso-ventrally highly extended (Figs. 4C and 2C ). We note that the knock down with RNAi may not result in total absence as is the case with zygotic and maternal null embryos. We speculate that the difference in the cuticle could be due to the difference in the level of dIno80 protein and not an artifact of RNAi.
These results show that the lethality of dIno80 and Pho are clearly independent of each other and suggest that dIno80 has early functions independent of Pho.
The complexes containing dIno80 and Pho, as well as hIno80 and YY1 have been shown (Klymenko et al., 2006; Wu et al., 2007; Lee et al., 2014) . Since our results indicate that dIno80 functions independent of Pho, we examined the pattern of distribution of dIno80 in Pho knockdown background (Fig. 5) . The immunostaining of dIno80 was highly compromised in control embryos, however, in the absence of Pho we detect dIno80 in the embryos until the late embryonic stages of development (Fig. 5) . We do not know the reason for poor staining of antiIno80 antibodies in the control at this stage. Further at larval stage, the localization of dIno80 on polytene chromosomes is maintained in the background of Pho knock-down, especially around the chromocenter, though there is a decrease in the intensity of fluorescence (Fig. 6) . These findings point to the fact that, dIno80 has Pho independent interaction with the chromosomes. In conjunction with our observation of mis-expression of homeotic genes in dIno80 knock out flies and in vivo localization of dIno80 upstream of Hox genes, we suggest that dIno80 has a role in transcription regulation independent of Pho.
It is known that the PcG proteins such as Pc, Psc, Scm, E(z) and Ph remain bound to the polytene chromosomes even in the absence of Pho/Phol at many sites but not all the sites (Brown et al., 2003) . While this suggests Pho independent recruitment of PcG complex at PREs, it also raises the possibility that there are recruiters other than Pho and Phol (Brown et al., 2003) . It remains to be seen if dIno80 has any role as a recruiter.
Differential effect of dIno80 on homeotic gene expression
We observed reduced expression of Scr (sex combs reduced) gene in the anterior region in dIno80 null mutants, while double heterozygotes of dIno80 and Pc 1 result in enhancement of Polycomb phenotype (Bhatia et al., 2010) . These results implicated that dIno80 has both activating and repressive effect. In order to delineate the context for differential effect of dIno80 if any, on transcription, we analyzed the correlation between the expression level of dIno80 and Scr using qPCR with cDNA from the wing, leg1 and leg2 imaginal discs and also the salivary glands of wild type (CS) and heterozygous knock-out of dIno80 (dIno80
Δ4
/+) in the third instar larvae (Fig. 7 ). We detect very low level of expression of Scr in the wing disc in three biological replicates. Earlier MartinezArias et al. (1987) had reported low accumulation of Scr mRNA in the wing disc.
The expression of Scr and dIno80 were correlated in wing imaginal discs, Scr expression was down regulated in dIno80 heterozygous mutants, while in leg1, leg2 and salivary gland there was an inverse relationship between the expression of dIno80 and Scr. Thus, suggesting that dIno80 functions as a positive regulator in larval stage of development in wing discs and in leg1, leg2 discs and the salivary glands, it acts as a negative regulator (Fig. 7) . This indicates that perhaps, dIno80 can partner with Trithorax as well as Polycomb complex in mediating Scr expression during development. 
Interaction between dIno80 and maintenance group proteins
We analyzed the interaction of dIno80 with other ETP, PcG, and TrxG genes. Only the cases where a phenotype was observed in ≥10% of the progeny are shown in Table 1 . The most common phenotype observed was the fusion defects in the abdominal segments, altered wing margins and extra-sex combs (Fig. 8) . The transformation of second and third leg to the first was seen in the PRC1 and PRC2 members like Pc 1 and Pcl
T1
with high penetrance of N 80% and N25% respectively. We also tested Pho b allele for interaction with dIno80, though there was no lethality, altered wing phenotype was observed (11%), and however we did not observe any phenotype with Phol 81A allele.
It is observed that dIno80 interacts with other ETP genes such as Kismet (Kis) and Additional sex comb (Asx) in addition to the PcG and TrxG genes. The penetrance of the phenotype in double heterozygotes of dIno80 with Pc, Scr, Ph and E(z) is high compared to that of the TrxG members, it may be speculated that the association of dIno80 with PRC complexes may be more significant than that with TrxG members. The ETP protein Asx is also known to have higher interaction with PcG than TrxG proteins (Sinclair et al., 1992; Milne et al., 1999) . We observe a significant penetrance of the phenotype on genetic interaction between dIno80 and E(z), the histone H3K27 methyltransferase gene, once again correlating with the repressive effect of dIno80.
There are several examples of genetic interaction of ETP with PcG and TrxG. The gene corto (also known as ccf), participates in transcriptional regulation of several homeotic genes together with PcG, TrxG and other ETPs including Scr (Kodjabachian et al., 1998; Lopez et al., 2001 ) lossof-function mutation of corto in males leads to an ectopic sex comb on the second tarsal segment of the first leg that corresponds to the homeotic transformation (Kodjabachian et al., 1998; Lopez et al., 2001) . The other ETP protein Asx that interacts with dIno80 is associated with deubiquitinase activator activity. The interaction of dIno80 with Asx is significant in the light of the fact that Asx is implied in sex comb development; deubiquitination of histone H2A is known to be required for maintenance of transcriptionally repressive state of homeotic genes throughout development. Though we do not know if there is any direct interaction between dIno80 and Asx, in the light of the effect of dIno80 on Scr and its repressive effect on homeotic genes, it remains to be analyzed if dIno80 is a part of this complex. We have further examined the expression of homeotic genes in the double heterozygotes of Asx and dIno80 and found that there is mis-expression of Abd-B, Ubx, Antp and Scr; the expression of Abd-B and Scr is enhanced, while Antp and Ubx expression is lower than that in the wild type (data not shown). The interaction of Asx with homeotic genes is known (Simon et al., 1992; Beuchle et al., 2001; Scheuermann et al., 2010) . The Asx protein is a part of the PR-DUB complex (Polycomb repressive deubiquitinase) along with Calypso and the same study has shown the interaction of PR-DUB and thus Asx, with Hox genes in Drosophila (Scheuermann et al., 2010) . The studies on the direct interaction of dIno80 with different proteins are limited by the availability of antibody against the protein, currently we are trying to overcome this limitation by using tagged dIno80 gene. In addition to the data in Table 1 , Nurf38 k16102 were also tested, but no effect was seen. In case of lolal and Trl R85 the penetrance was only 4% and in both cases abdominal fusion defect was observed.
In summary, we have demonstrated that dIno80 functions independent of Pho in early phase of development as the stage of lethality of the two genes in null mutants is very distinct. The presence of dIno80 in PhoRC complex suggested the recruitment of dIno80 by Pho, however our results show that there are several sites of interaction of dIno80 that persists even in the absence of Pho protein. This raises the possibility of recruitment of dIno80 either by other DNA binding factors or the binding of dIno80 itself through its DNA binding domain that we have previously identified (Bakshi et al., 2004) . It would be interesting to investigate if dIno80 can act as a potential recruiter of regulatory complexes. However, when both dIno80 and Pho are present in the same complex as in PhoRC complex the major function of dIno80 could be chromatin remodeling and not DNA binding. It is interesting to note that the reported INO80.com contains more than one chromatin remodeler, like Ruvb1 and Ruvb2 (Klymenko et al., 2006) , therefore it may be possible that Ino80 has other functions also in this complex. Though the subunit composition of INO80 complex involved in DNA damage repair is conserved between the yeast, the fly and human, there are unique members in these complexes in each species, suggesting additional species specific functions and interactions (Morrison and Shen, 2009 ). The differential effect of dIno80 on the expression of Scr in different imaginal discs substantiates the ETP function of dIno80 and the contextual functional diversity of dIno80.
